Introduction {#Sec1}
============

Store-operated Ca^2+^ entry (SOCE) is the predominant form of Ca^2+^ entry in non-electrically excitable cells, and governs many critical cellular behaviors^[@CR1]--[@CR5]^. Although SOCE has been identified in cardiac myocytes^[@CR6]--[@CR11]^ it was deemed inconsequential due to the much larger Ca^2+^ fluxes in canonical myocyte excitation-contraction coupling (ECC). However, recent studies linking SOCE to cardiac pathologies such as hypertrophy and arrhythmia^[@CR6]--[@CR9],[@CR12],[@CR13]^ provide impetus for further investigation of this phenomenon.

Canonical ECC in cardiac myocytes is a Ca^2+^ -induced Ca^2+^ release phenomenon, wherein Ca^2+^ from the sarcoplasmic reticulum (SR) is released via ryanodine receptor (RyR2) channels in response to Ca^2+^ entry via L-type Ca^2+^ channels (CaV1.2). The protein machinery of ECC is largely organized into specialized domains within transverse tubules. SOCE represents a complementary process to ECC, and functions to introduce Ca^2+^ into the ER/SR when luminal Ca^2+^ levels within the ER/SR gets depleted^[@CR4],[@CR14]--[@CR16]^. Thus, SOCE relies on the ER/SR membrane localized Ca^2+^ sensor STIM1 (stromal interaction molecule, isoforms 1 and 2) working in conjunction with store-operated transmembrane Ca^2+^ channels (ORAI; Ca release-activated calcium channel protein, or TRPC; transient receptor potential cation channel, isoforms 1, 4)^[@CR17]--[@CR19]^. Current knowledge about cardiac SOCE derives from studies of cell-wide Ca^2+^ changes^[@CR6],[@CR11]^. However, important questions remain about basic functional properties, localization, molecular underpinnings, effector targets and role of cardiac SOCE in health and disease. Importantly, a growing body of evidence links pathological enhancement of SOCE to cardiac disease^[@CR6],[@CR8]^. However, it remains unclear whether and how cardiac SOCE contributes to physiological or pathological intracellular signaling in the presence of much larger Ca^2+^ fluxes involved in canonical ECC.

Here, we provide the first experimental demonstration of spatially-localized events which comprise cardiac SOCE and identify, at least in part, the molecular machinery responsible for these events. Additionally, we identify a high prevalence of SOCE proteins and functional events at the intercalated disk (ID), which electrically and mechanically couples cardiac myocytes. Last but not least, our data suggest a novel arrhythmia mechanism in CPVT driven by pathological remodeling of SOCE machinery, and consequent enhancement of SOCE. Taken together, these results provide much- needed insights into the nature and roles of SOCE in the normal and diseased heart, and as a potential target for anti-arrhythmia therapy.

Results {#Sec2}
=======

We examined the compartmentalization of SOCE in ventricular myocytes derived from WT mice and mice affected by catecholaminergic polymorphic ventricular tachycardia (CPVT) using a combination of functional live cell (2D resonant-scanning confocal Ca^2+^ imaging) and molecular visualization (confocal immunofluorescence microscopy and STORM). These studies revealed that in cardiomyocytes functional SOCE sites and the corresponding molecular complexes of STIM1-ORAI1 are enriched at discrete regions at the intercalated discs (IDs). Furthermore, redistribution of STIM1 and ORAI1 from interior regions to the IDs resulted in augmented SOCE in myocytes from arrhythmia-prone (CPVT) hearts.

Cardiac SOCE observed as **Lo**cal **C**a^2+^**e**ntry (LoCE) signals {#Sec3}
---------------------------------------------------------------------

To assess cardiac SOCE and its changes in proarrhythmic cardiac disease, we performed 2D resonant-scanning confocal Ca^2+^ imaging in Fluo-4 AM-loaded WT and CPVT myocytes. SOCE measurements we performed using a standard protocol that consisted of removal of extracellular Ca^2+^ (\[Ca^2+^\]~O~), and application of the SERCA inhibitor thapsigargin (2 µM) to deplete the SR Ca^2+^ stores, followed by a rapid restoration of \[Ca^2+^\]~O~ (2 mM). Potential contributions to the Ca^2+^ signal of the L-type Ca^2+^ channels and NCX were minimized with their respective inhibitors verapamil (10 µM) and SEA0400 (1 µM)^[@CR14],[@CR15],[@CR20]^. Notably, upon reintroduction of extracellular Ca^2+^, the SR Ca^2+^-depleted myocytes exhibited transient increases in background fluorescence in discrete cellular regions (Fig. [1A](#Fig1){ref-type="fig"}). No such local Ca^2+^ elevations were observed in myocytes subjected to extracellular Ca^2+^ withdrawal-reintroduction without SR Ca^2+^ depletion (Supplemental Fig. [1](#MOESM1){ref-type="media"}). The local Ca^2+^ elevations observed on restoration of \[Ca^2+^\]~O~ in the SR Ca^2+^-depleted myocytes are consistent with Ca^2+^ entry through SOC channels in SOCE microdomains. We dubbed these local Ca^2+^ entry signals LoCEs.Figure 1SOCE visualization in WT and CPVT ventricular myocytes. (**A**) Resonant-scan imaging of SR Ca^2+^-depleted WT and CPVT myocytes reveals LoCEs (arrows) upon increasing \[Ca^2+^\]o from 0 (left) to 2 mM (right). Scale bars are 50 µm. Myocyte SR Ca^2+^ was depleted by 1 µM TG added to a Ca^2+^-free bathing solution. (**B**,**C**) Graphs of the fraction of WT and CPVT cells exhibiting LoCEs and one or multiple (2--6) LoCEs per myocyte, respectively. (**D**) Peak fluorescence intensity of LoCEs recorded in WT and CPVT myocytes. Data presented as mean ± SE from 184 myocytes from 16 animals.

LoCEs are upregulated in CPVT myocytes {#Sec4}
--------------------------------------

Next, we compared the prevalence and spatiotemporal characteristics of LoCEs in WT and CPVT myocytes to identify disease-driven alterations. Only approximately 60% of WT myocytes exhibited LoCEs (Fig. [1B](#Fig1){ref-type="fig"}), with just one, or two isolated events per cell (Fig. [1A,C](#Fig1){ref-type="fig"}). In contrast, in CPVT LoCEs occurred in a vast majority of myocytes (90%); Additionally, LoCE signal intensity and the number of signals per cell were increased CPVT relative to WT myocytes (Fig. [1A--D](#Fig1){ref-type="fig"}). Furthermore, CPVT myocytes displayed larger LoCEs (diameter at half maximum amplitude (DHMA), 8 µm vs. 5 µm in control) with shorter time to peak (100 ms, vs. 250 ms in control, p \< 0.05), albeit no significant change in decay time, relative to control (Fig. [2](#Fig2){ref-type="fig"}). Thus, the Ca^2+^ microdomains detected as LoCEs are markedly upregulated in CPVT myocytes compared to WT.Figure 2Spatio-temporal properties of LoCEs in WT and CPVT myocytes. (**A**) Representative time-laps images of LoCEs in SR Ca^2+^-depleted WT and CPVT myocytes upon reintroduction of 2 mM extracellular Ca^2+^. Scale bars are 10 µm. Time points of (**B**). Time-dependent peak fluorescence profiles of LoCEs from Panel A for WT (black line) and CPVT (red Line) myocytes. Low case letters (a--e) denote the timing of the corresponding images in Panel A for both WT and CPVT myocytes. (**C**--**E**) Plots of average local fluorescence signal width at half-maximum amplitude (FWHM), time to peak and decay for LoCEs, respectively, in WT and CPVT myocytes. Data presented as mean ± SE from 57 myocytes from 11 animals.

LoCEs are suppressed by inhibitors of SOCE and absent in STIM1 KO myocytes {#Sec5}
--------------------------------------------------------------------------

We further tested the role of SOCE in the observed LoCEs, by pharmacologically inhibiting the former. Nonselective SOCE inhibitors SKF96365 (SKF; 10 µM), 2APB (50 µM) or gadolinium (10 µM), diminished the incidence and amplitude of LoCEs, in CPVT myocytes (Fig. [3](#Fig3){ref-type="fig"}). Similar inhibition of LoCEs was attained by the selective ORAI channel inhibitors, Synta66 (10 µM) or GSK7579A (GSK; 10 µM)^[@CR21],[@CR22]^. Given the pivotal role of STIM1 in SOCE^[@CR2],[@CR8]^, we also examined LoCEs in a cardiac specific STIM1 knock-out (c-STIM1KO) mouse. As expected, we were unable to elicit LoCEs in c-STIM1KO myocytes using our standard protocol for measuring these signals, whereas corresponding littermate STIM1-expressing myocytes behaved similar to WT myocytes (Fig. [4](#Fig4){ref-type="fig"}). LoCEs were insensitive to selective inhibition of gap junction hemichannels (GAP27; 300 µM) (Fig. [3B,C](#Fig3){ref-type="fig"}), suggesting that these channels are unlikely to account for LoCEs formation. These results further support the notion that LoCEs represent the activity of SOCE microdomains in cardiomyocytes. They also implicate ORAI channels as significant determinants of LoCEs in CPVT myocytes.Figure 3LoCEs are inhibited by SOCE and ORAI inhibitors. (**A**) Representative images of untreated and 2 APB-treated SR Ca^2+^-depleted CPVT myocytes (lower and upper images, respectively) before and after increasing \[Ca^2+^\]o from 0 to 2 mM (left-and right-hand images, respectively). (**B**,**C**) Summary data on the effect of SOCE inhibitors SKF (10 µM), 2 APB (50 µM) and Gd3+ (10 µM), connexin hemichannel inhibitor, GAP27 (300 µM), ORAI blockers Synta66 (10 µM) and GSK7579A (10 µM) on the fraction of myocytes exhibiting LoCEs and on the peak amplitude of these signals. Data presented as mean ± SE from 416 myocytes from 16 animals.Figure 4LoCES are abolished in STIM1 KO myocytes. (**A**) Representative images of STIM KO (STIM1fl/fl Cre+) and control (STIM1fl/fl Cre*−*) SR Ca^2+^-depleted myocytes before and after increasing \[Ca^2+^\]o from 0 to 2 mM (left- and right-hand images, respectively). Scale bars are 50 µm. (**B**,**C**) Summary data on the effect of STIM1 KO on the fraction of myocytes exhibiting local fluorescence elevations and on the peak amplitude of these signals. Data presented as mean ± SE from 76 myocytes from 6 animals.

SOCE inhibition alleviates arrhythmogenic Ca^2+^ waves in CPVT myocytes {#Sec6}
-----------------------------------------------------------------------

In order to probe the physiological relevance of enhanced SOCE in CPVT, we assessed the effect of SOCE inhibition on the propensity for arrhythmogenic Ca^2+^ waves following cholinergic stress (isoproterenol, 100 nM) in CPVT myocytes. Rapid confocal linescan imaging revealed expected spontaneous Ca^2+^ waves occurring in 71% (22/31 cells; Fig. [5](#Fig5){ref-type="fig"}) of the CPVT myocytes tested. Notably, SOCE inhibition by the nonselective (SKF, 10 µM) or ORAI-selective (GSK, 10 µM) inhibitors significantly suppressed arrhythmogenic Ca^2+^ waves (13.6% cells and 18.7%, respectively). At the same time, SKF (10 µM) had no significant effects on Ca^2+^ waves in c-STIM1KO myocytes (Supplemental Fig. [5](#MOESM1){ref-type="media"}). These results suggest that arrhythmogenic Ca^2+^ waves in cardiac myocytes are associated with STIM1- and ORAI- dependent SOCE and implicate pathologically enhanced SOCE, in the genesis of triggered arrhythmias in CPVT.Figure 5Antiarrhythmic effects of a non-selective SOCE and ORAI selective inhibitors SKF96365 (SKF) and GSK7579A (GSK), respectively. Both SKF and GSK reduced spontaneous Ca^2+^ waves in CPVT myocytes. Line scan images of fluo-3 fluorescence of CPVT myocyte paced at 1 Hz in the presence of 100 nM isoproterenol (Iso) alone (**A**,**B**) in presence of 100 nM Iso plus 10 µM of SKF and C.100 nM Iso plus 10 µM of GSK. (**D**) Diastolic Ca^2+^ wave occurrences in CPVT myocytes recorded with Iso alone, Iso plus SKF and Iso plus GSK. Data presented as percentage of cells exhibiting calcium waves from a total of 5 animals.

LoCEs occur preferentially at intercalated discs {#Sec7}
------------------------------------------------

While in skeletal muscle, SOCE has been localized to the T-Tubule-SR junction that houses the machinery for ECC^[@CR21],[@CR23]^, the localization of SOCE in cardiac myocytes is unknown. Therefore, we performed LoCEs imaging with concurrent sarcolemmal labeling (di-4-ANEPPS; Fig. [6A](#Fig6){ref-type="fig"}) to assess its localization in WT and CPVT myocytes. These experiments revealed that LoCEs preferentially occur at sites adjacent to surface sarcolemma and intercalated disks (IDs). Heat maps summarizing our experimental observations demonstrate LoCEs occurring predominantly at the myocyte periphery, particularly longitudinal ends, at sites consistent with IDs (Fig. [6B--D](#Fig6){ref-type="fig"}). This preferential ID occurrence of LoCEs was enhanced in CPVT myocytes relative to WT. These data suggest that cardiac SOCE may occur at the ID in a spatially distinct sub-compartment from canonical calcium cycling.Figure 6Subcellular localization of LoCEs in WT and CPVT myocytes. (**A**) Representative images of local Ca^2+^ entry (green) in SR Ca^2+^-depleted CPVT myocytes stained with the membrane dye di4-ANNEPs (red). Scale bars are 5 µm. (**B**,**C**) Cumulative localization maps of LoCEs constructed from the original data obtained in WT and CPVT myocytes, respectively. (**D**,**E**) Distributions of distances from LoCE peak location to cell edge along cell periphery or to the ID, respectively. Data presented as mean ± SE from 184 myocytes from 16 animals.

Localization of STIM1 and ORAI1 to IDs {#Sec8}
--------------------------------------

We assessed expression levels and localization of key SOCE constituents, STIM1 and ORAI1, along with several potential SOCE contributors, including STIM2, TRPC 1, 3, 4 and 6, in WT and CPVT myocytes. Based on Western blotting and confocal immunofluorescence analysis, STIM1 and TRPC3 levels were increased in CPVT myocytes, with no difference in the expression of the other proteins (Supplemental Figs [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}). Next the distribution of STIM1 and ORAI1 were examined by immunofluorescence scanning microscopy in WT vs CPVT myocytes. In both cell groups, STIM1 showed a characteristic cross-striated distribution (Fig. [7A](#Fig7){ref-type="fig"}). However, STIM1 was markedly enriched at IDs in CPVT myocytes relative to WT. ORAI1 fluorescence demonstrated characteristic speckled distribution throughout WT myocytes (Fig. [7C](#Fig7){ref-type="fig"}), with noticeable redistribution to the periphery in CPVT myocytes (Fig. [7D](#Fig7){ref-type="fig"}). Further analysis was undertaken by *in situ* proximity ligation assay (PLA), which detects proteins located within 40 nm of each other^[@CR24]^. PLA corroborated close association of STIM1 and ORAI1 at myocyte periphery including IDs. Consistent with our LoCE imaging (Figs [1](#Fig1){ref-type="fig"} and [6](#Fig6){ref-type="fig"}) and immunostaining results (Fig. [7](#Fig7){ref-type="fig"}), PLA signal density was markedly enhanced in CPVT relative to WT myocytes. These data provide molecular and structural underpinnings to our functional demonstration of enhanced LoCEs at IDs of CPVT mice.Figure 7Distribution of STIM1 and ORAI1 and their complexes in WT and CPVT myocytes. (**A**) Representative images of WT (top) and CPVT (bottom) myocytes immunostained for STIM1. Scale bars are 10 µm. (**B**) Summary graph of ratios of myocyte end to - center STIM1 immunofluorescence for WT and CPVT myocytes (as indicated). Region-specific STIM1 immunofluorescence intensities were measured in 4--5 areas at either myocyte ends or interior. (**C**) Representative images of WT (top) and CPVT (bottom) myocytes immunostained for ORAI1. Scale bars are 10 µm. (**D**) Summary graph of ratios of myocyte end to - center ORAI1 immunofluorescence for WT and CPVT myocytes (as indicated). (**E**) Representative images of WT (top) and CPVT (bottom) myocytes subjected to proximity ligation assay (PLA) for STIM1 and ORAI1 co- localization. Scale bars are 10 µm. (**F**) Summary graph of ratios of myocyte end to - center STIM1-ORAI1 PLA signal densities for WT and CPVT myocytes (as indicated). Region-specific immunofluorescence intensities (PLA signal densities) were measured as number of signals per cell. Data presented as mean ± SE from 15 myocytes from 4 animals.

Enhanced clustering of STIM1 with Cx43 and N-cadherin in CPVT {#Sec9}
-------------------------------------------------------------

Immunohistochemistry combined with sub-diffraction confocal imaging (sDCI; 130 nm lateral and 300 nm axial resolution) was performed to assess the localization of STIM1 relative to other components of the ID such as N-cadherin (N-cad) and connexin 43 (Cx43). In both WT and CPVT murine myocytes, STIM1 was enriched at the ID, along with Cx43 and N-cad (Fig. [8](#Fig8){ref-type="fig"}). Closer examination of high magnification views indicated preferential localization of STIM1 to N-cad-rich ID sites over Cx43-rich sites. These data suggest that STIM1 may preferentially localize with N-cad to plicate ID regions.Figure 8Representative sDCI images of (**A**). WT and (**B**). CPVT murine myocytes illustrate ID enrichment of STIM1. [Top left]{.ul}: 2D view of the whole myocyte. [Bottom left]{.ul}: 3D view of the region highlighted by the white box in the top left image shows a closer view of the ID. (**C**). High magnification *en face* views of the ID from the bottom left panel. The perspective of this images is indicated by the arrow in the bottom left panel.

In order to clearly delineate the spatial organization of STIM1 relative to N-cad, we undertook STORM super-resolution microscopy (20 nm lateral and 40 nm axial resolution) in WT and CPVT murine myocardium labeled for N-cad (red) and STIM1 (green). 3D end-on views of IDs show clusters of STIM1 molecules preferentially localized adjacent to N-cad clusters in both WT and CPVT hearts (Figs [8B](#Fig8){ref-type="fig"} and [9A,B](#Fig9){ref-type="fig"}, respectively). Quantitative analysis of STORM data 50 from WT murine hearts revealed preferential localization of dense STIM1 clusters near N-cad (Fig. [9C](#Fig9){ref-type="fig"}) with a median distance of 70 ± 6 nm from ID-localized STIM1 to N-cad. Overall, 69.5 ± 2.3% of STIM1 was located within 100 nm of N-cad, with 10 fold higher STIM1 density within 100 nm of N-cad compared to other ID sites. Quantitative analysis revealed even greater association between STIM1 and N-cad in CPVT hearts relative to WT with a larger population of dense STIM1 clusters located close to (\<100 nm) N-cad (Fig. [9D](#Fig9){ref-type="fig"}): The median distance between STIM1 and N-cad was reduced to 45 ± 7 nm (p \< 0.05 vs WT) and 85.6 ± 3.7% of STIM1 was located within 100 nm of N-cad (p \< 0.05 vs WT). These data are consistent with increased association of STIM1 with N-cad in the IDs of CPVT hearts in comparison to WT hearts. The increase in the population of dense, N-cad-adjacent STIM1 clusters is also consistent with the increased magnitude of LoCEs in CPVT myocytes compared to WT (Fig. [2](#Fig2){ref-type="fig"}).Figure 9Representative 3D STORM images of *en face* IDs from (**A**). WT and (**B**). CPVT murine hearts labeled for STIM1 and N-cad. Bivariate histograms of STIM1 cluster density and distance from N-cad from (**C**). WT and (**D**). CPVT hearts calculated using the STORM- RLA machine learning approach^[@CR10]^.

Discussion {#Sec10}
==========

In this study, we provide novel insights into the functional properties, and molecular underpinnings of SOCE in the adult cardiac myocyte. Foremost, we identify highly localized, transient Ca^2+^ entry events (LoCEs) that comprise cardiac SOCE. In a previously unanticipated finding, we report that LoCEs and their molecular machinery are concentrated at the myocyte periphery, particularly at the ID, in close proximity to intercellular mechanical junctions. Furthermore, we find that SOCE proteins and LoCEs are upregulated at the ID in the arrhythmogenic Ca^2+^ disease (CPVT). Segregation of SOCE to ID's, a spatially and functionally distinct compartment from the ECC domain, may facilitate a special role for SOCE in cardiac physiology. Expansion of the SOCE domain in cardiac disease promotes Ca^2+^-dependent arrhythmogenesis. Overall, our findings hold important implications for the understanding of cardiac SOCE and its role in in health and disease.

LoCEs -- represent microdomains of SOCE {#Sec11}
---------------------------------------

Although SOCE is a local process^[@CR17],[@CR25],[@CR26]^, it has been commonly studied by measuring averaged myocyte Ca^2+^ levels or whole-cell Ca^2+^ currents. While informative, these studies left unclear the spatial organization of SOCE within the cardiomyocyte and its relation to canonical excitation-contraction coupling (ECC). In this study, we demonstrate, for the first time, local Ca^2+^ entry signals, LoCEs, that represent distinct SOCE microdomains in cardiac muscle. Furthermore, we report that these local Ca^2+^ entry sites were preferentially found at the myocyte periphery, particularly at IDs. The notion that these signals reflect SOCE is supported by the following evidence: (1) LoCEs were observed only under conditions supporting SOCE (i.e. depleted SR Ca^2+^ stores, Supplemental Fig. [1](#MOESM1){ref-type="media"}) when alternative pathways of Ca^2+^ entry (I~Ca~, NCX) were inhibited; (2) LoCEs were inhibited by both nonspecific (e.g SKF96365, Gadolinium \[Gd^3+^\], 2APB) and more ORAI1-selective SOCE inhibitors (e.g. Synta66 and GSK7579A) and diminished by STIM1 KO (Figs [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}), and (3) LoCE occurrence spatially corresponded with sites of STIM1, ORAI1 and TRPC1/4 colocalization (Figs [7](#Fig7){ref-type="fig"} and [8](#Fig8){ref-type="fig"} and Supplemental Fig. [2](#MOESM1){ref-type="media"}). Moreover, we also found that both, LoCEs and the SOCE machinery responsible (STIM1 and ORAI1) were enhanced in CPVT myocytes relative to WT (Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} and Supplemental Fig. [3](#MOESM1){ref-type="media"}). These results are consistent with previous reports of compartmentalized SOCE in non-cardiac cell types^[@CR17],[@CR21],[@CR26],[@CR27]^. Furthermore, CPVT myocytes displayed a high propensity for arrhythmogenic Ca^2+^ waves, which were suppressed by SOCE inhibition (Fig. [5](#Fig5){ref-type="fig"}). Taken together, our results represent the first identification of SOCE microdomains in cardiac myocytes, demonstrate SOCE enhancement in CPVT, and implicate SOCE in arrhythmogenesis.

SOCE microdomains are preferentially localized to ID {#Sec12}
----------------------------------------------------

Although previous immunostaining studies suggested that STIM1 is localized to Z-lines^[@CR27],[@CR28]^, where SOCE occurs in cardiac myocytes is unknown. While we confirmed this striated pattern of STIM1 distribution, unexpectedly, few SOCE signals were observed at sites corresponding to T-tubules (Fig. [6](#Fig6){ref-type="fig"}). Instead, LoCEs predominantly occurred at myocyte ends, near the ID, (Fig. [6](#Fig6){ref-type="fig"}). This pattern, noted in WT myocytes, was significantly enhanced in CPVT myocytes, where it was associated with a significant redistribution of STIM1 and ORAI1 to the ID (Figs [1](#Fig1){ref-type="fig"}, [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). The lack of LoCEs at T-tubules suggests that the role of T-tubular STIM1 may extend beyond SOCE to include functions such as regulation of SERCA Ca^2+^ uptake via PLN^[@CR28],[@CR29]^ and/or maintenance of SR structure by STIM1^[@CR23],[@CR26]^. On the other hand, the observed localization of SOCE near intercalated discs implies a function(s) related to these cardiac intercellular structures (see below).

Functional SOCE requires complexation of STIM1 with ORAI1 (and or other SOCE channels such as TRPCs)^[@CR2],[@CR17],[@CR30]^. Thus, the enhanced concentration of LoCEs at the IDs of CPVT myocytes could result from either increased expression of SOCE proteins or their enhanced complexation or both. Our results demonstrated that SOCE remodeling in CPVT involves increases in both total and regional STIM1 (Fig. [7](#Fig7){ref-type="fig"} and Supplemental Fig. [3](#MOESM1){ref-type="media"}) and enhanced STIM1-ORAI1 complexation at the ID (Fig. [7](#Fig7){ref-type="fig"}). Additionally, STORM revealed denser STIM1 clusters in CPVT myocytes (Fig. [9](#Fig9){ref-type="fig"}), consistent with increased LoCE magnitude (Fig. [2](#Fig2){ref-type="fig"}). Moreover, in non-cardiac cells it has been shown that ORAI1 and TRPC monomers can interact to form SOC channels^[@CR31]^. Therefore, further research will be needed to fully delineate the roles of other potential SOCE determinants, including different TRPC channel isoforms (e.g. 1, 3, 4, 6) and STIM1 splice variants (e.g. short and long)^[@CR32]--[@CR34]^, shown to contribute to SOCE in various cell types. Similarly, interactions of SOCE constituents with different domain-specific modulatory/anchoring proteins (e.g. actin, cadherins)^[@CR5],[@CR23]^ will need to be examined to determine the underlying mechanisms of SOCE remodeling in cardiac disease.

SOCE microdomains, cardiac hypertrophy and arrhythmogenesis {#Sec13}
-----------------------------------------------------------

Although the physiological role and modes of operation of SOCE in cardiac muscle remain to be fully clarified, SOCE has been linked to myocyte development and hypertrophic growth^[@CR6],[@CR13],[@CR35],[@CR36]^. Several downstream signaling pathways have been suggested to mediate SOCE's regulatory influence, including calcineurin-nuclear factor of activated T cells (NFAT) and the Akt/protein kinase B (PKB)-mammalian target of rapamycin (mTOR)^[@CR2],[@CR6],[@CR8]^. However, how SOCE could provide the required Ca^2+^ signal for such roles, given a backdrop of massive Ca^2+^ fluxes derived from EC coupling, remains unclear. One possible solution could come from the demonstrated here spatial segregation of SOCE between different myocyte compartments.

CPVT is characterized by absence of structural heart disease^[@CR12],[@CR37]^. This may imply that SOCE facilitation is essential, but not sufficient for hypertrophic remodeling. Thus SOCE might be a part of an early stress response not immediately linked to cardiac hypertrophy.

IDs are emerging as versatile signaling hubs involved in mechanical and electrical communication among adjacent cardiomyocytes, mechanosensing as well as cell proliferation and development^[@CR38]--[@CR43]^. Thus, segregation to the ID, a spatially distinct compartment from the ECC domain, may confer upon SOCE a privileged role in modulating cardiac myocyte signaling and function. (Put another way, despite wide differences in Ca^2+^ flux levels, SOCE does not have to compete with ECC to influence cardiac physiology). Aside mediating hypertrophic signaling, ID-localized SOCE is strategically poised to modulate ID structure and function by locally altering intracellular and extracellular Ca^2+^ levels. For example, SOCE-derived intracellular Ca^2+^ could modulate cell-to-cell adhesion and electrical coupling through influencing functions of ID-residing proteins such as N-Cadherin, desmoplakin^[@CR5],[@CR30],[@CR44],[@CR45]^ and or Cx43^[@CR40],[@CR46]--[@CR48]^. SOCE could also play a role in the maintenance of the ID structure and function via regulation of protein synthesis, trafficking and targeting^[@CR3],[@CR38],[@CR49]^.

Ca^2+^ dependent arrhythmias, including CPVT, have been attributed to aberrant Ca^2+^ release via dysregulated RyR2s, resulting in membrane potential disturbances and triggered activity^[@CR50]--[@CR52]^. Enhanced SOCE (e.i. increased Ca^2+^ entry) could contribute to arrhythmogenesis through stimulation of RyR2s in areas near the ID^[@CR53]^. In particular the demonstrated expansion of the SOCE Ca^2+^ domain could contribute to arrhythmogenesis through Ca^2+^ "spillover" from the SOCE pool to the ECC pool, thereby facilitating aberrant SR Ca^2+^ release. In support of this possibility, pharmacological inhibition of SOCE alleviated arrhythmogenic Ca^2+^ release in CPVT myocytes (Fig. [5](#Fig5){ref-type="fig"}). Consistent with our results, STIM1 overexpression has been reported to exacerbate arrhythmogenic disturbances in Ca^2+^ handling and membrane potential^[@CR6]^.

In addition to promoting Ca^2+^-dependent triggered arrhythmia, ID-localized SOCE could also contribute to the arrhythmia substrate through disruption of intercellular mechanical and electrical coupling and conduction slowing^[@CR54],[@CR55]^. Indeed, recent findings identify ID adhesion^[@CR55],[@CR56]^ and conductance^[@CR38],[@CR40]^ as powerful modulators of arrhythmia risk. In this context, the preferential localization of SOCE to N-cad-rich ID sites, demonstrated by STORM (Fig. [9](#Fig9){ref-type="fig"}), suggests that SOCE may have a greater impact on mechanical junctions between myocytes compared to gap junctions (C × 43), which localize to distinct parts of the ID from mechanical junctions (N-cad). Furthermore, the preferential localization of STIM1 to N-cad-rich ID sites was significantly elevated in CPVT compared to WT, suggesting that the aforementioned mechanisms may be important in the pathophysiology of cardiac arrhythmias. However, the elucidation of the exact role and specific mechanisms of SOCE participation in cardiac arrhythmogenesis will require further studies.

Limitations {#Sec14}
-----------

Our measurements of SOCE/LoCEs were performed under conditions optimized for SOCE detection. Thus, future studies will be required to assess the extent of SOCE activation and consequent Ca^2+^ entry in myocytes under more physiological conditions. Additionally, the role of SOCE in cellular arrhythmia was investigated using pharmacological tools. While useful for initial investigation and analysis, they lack specificity^[@CR22],[@CR31],[@CR57]^. Therefore, to avoid this issues, future experiments will use CPVT and CPVT-c-STIM1-KO myocytes to fully assess SOCE role in calcium dependent arrhythmogenic disease. Although revealing roles of STIM1 and ORAI1 in the formation of functional SOCE sites and arrhythmogenesis, the present study has not clearly defined the contribution of other potential SOCE constituents including different isoforms of TRPCs (1, 3, 4, 6). Elucidation of the contribution of these proteins must await further studies.

Methods {#Sec15}
=======

All animal procedures were approved by The Ohio State University Institutional Animal Care and Use Committee and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 2011).

Mouse models {#Sec16}
------------

A total of 30 mixed gender male/female from 12--32 week Calsequestrin 2 (CPVT.R33Q) knock-in mice were used for the present study; 20 age matched mixed gender C57BL/6 mice (Jackson Laboratory) were used as WT controls. Cardiac specific STIM1KO was generated by cross-breeding STIM1^fl/fl^ mice (B6(Cg)-STIM1tm1Rao/J) with Myh6-cre (B6.FVB-Tg(Myh6-cre)2182 Mds/J) from Jackson laboratory. STIM1 KO mice that were STIM1^fl/fl^ *Cre*+ were used as cardiac specific STIM1KO while STIM1^fl/fl^ *Cre−* were used as controls. A total of 6 STIM1 KO were used for the present studies and 6 age matched mixed gender Control (STIM1^fl/fl^ *Cre−*).

Ventricular cardiomyocyte isolation and LoCES imaging {#Sec17}
-----------------------------------------------------

Intact ventricular myocytes were obtained by enzymatic digestion as previously described^[@CR58]^. Briefly, mice were anesthetized with isoflurane, hearts were rapidly excised, cannulated through the aorta, and perfused with Ca^2+^ free tyrodes (in mM): 140 NaCl, 5.4 KCl, 0.5 mM MgCl2, 10 HEPES and 5.5 Glucose pH 7.4 at RT using a warm water jacketed gravitational Langendorff apparatus with a set temperature of 32--33 °C. Heart was perfused for 5 minutes with enzyme free Ca^2+^ free Tyrodes in order to clean any blood remnants from the vessels. Enzymatic digestion was achieved by perfusing the heart with low Ca^2+^ (0.2 mM) Tyrodes and liberase TH Research Grade (Roche) as previously described^[@CR58]^.

Calcium tolerant cells were loaded with Fluo-3/4 AM for 20--30 min in 0.5--1 mM Ca external solution containing: 140 NaCl, 5.4 KCl, 0.5 mM MgCl2, 10 HEPES and 5.5 Glucose pH 7.4 at RT, to monitor intracellular Ca^2+^. Following initial dye loading, to activate LoCES, depletion Solution (0 Ca^2+^ Tyrodes and (in µM): 500 Caffeine, 2 Thapsigargin, 10 Verapamil and 1 SEA 0400) was added to cells, this solution is an optimized version of previously reported depletion solutions^[@CR6]^ and incubated at room temperature (RT) for10--20 minutes to allow dye de-esterification and cell depletion to occur. Ca^2+^ entry (SOCE) was activated by rapid application of SOCE solution: 2 mM Ca^2+^ Tyrode and (in µM): 2 thapsigargin, 10 verapamil and 1 SEA0400. For studies that included a SOCE blockers (10 µM Gadolinium, 10 µM SKF96365, 50 µM 2APB, 10 µM Synta66 or 10 µM GSK7579A) or the connexin blocker 300 µM GAP27; each blocker was present in both the depletion and SOCE solutions.

Intracellular Ca^2+^ signal was monitored using an Olympus Fluoview 1000 and Nikon A1R confocal microscopes. Fluo-3/4 fluorescence was recorded at (0.41 µm/pixel) with a sampling speed of (8 µs/pixel) for a total of 3 min free run (70 frames at 2.7 sec/frame). Cells were excited using 488 nm argon laser with emission of 500--600 nm using immersion oil 60x objective.

To image LoCEs, cells were kept in depletion solution for the first 20--25 frames (54--60 sec) of the recording. After baseline recording the depletion solution was rapidly removed from the chamber using a disposable transfer pipette while simultaneously SOCE solution was added to the chamber. Recording of LoCES was done as described above.

Immunofluorescence {#Sec18}
------------------

Immunofluorescent labeling for confocal^[@CR59],[@CR60]^ and STORM^[@CR56]^ imaging was performed as before. For cellular imaging studies, freshly isolated cardiomyocytes were placed on laminin coated coverslips and fixed with 2% paraformaldehyde (2 minutes at room temperature: RT). For tissue imaging studies, fresh frozen murine myocardium was cryosectioned (5 µM sections) and fixed with 2% paraformaldehyde (5 minutes at RT) as previously described^[@CR60]^. Fixed samples were washed with PBS (3 × 10 minutes at RT) followed by blocking/permeabilization (3% fetal bovine serum+ 0.2% triton in PBS; 45 minutes at RT). Samples were then incubated with primary antibody (in PBS+ 10% BSA) overnight at 4 °C. Following primary antibody incubation, samples were washed with PBS (5 × 5 minutes at RT), incubated with fluorescently-labeled secondary antibodies (goat anti- mouse and goat anti-rabbit) for 1 hr at RT and washed again with PBS (3 × 5 minutes at RT). For three color labeling, samples were first labeled with two primary antibodies (anti- STIM1 and anti-Cx43) and corresponding secondary antibodies (conjugated respectively to Alexa Fluor 488 and Alexa Fluor 647) as described above. Subsequently, samples were labeled (overnight at 4 °C) with Ms anti-Ncad (BD biosciences 610921) antibody directly conjugated with Alexa Fluor 568 (Invitrogen Zenon Labeling Kit Z25006) and washed with PBS (5 × 5 minutes at RT).

For confocal microscopy and sDCI, samples were mounted (Invitrogen Prolong Gold with DAPI), and cured (48 hours in the dark at RT) prior to imaging performed using an A1R- HD laser-scanning confocal microscope (Nikon). sDCI was performed using an A1R-HD confocal microscope (Nikon) using a pinhole of 0.4 Airy units with spatial oversampling (pixel size of optical resolution/4.6, z-step size of optical sectioning/4), and 3D deconvolution (NIS Elements software; Nikon). For STORM, samples were optically cleared (Scale U2 buffer) for 48 hours at 4 °C prior to imaging using a Vutara-352 STORM system (Bruker).

Primary antibodies used were: Rabbit anti-STIM1(N-Terminal) (Sigma S6072; 1:1000), Ms anti-ORAI1 (Alomone ALM-025; 1:500), Ms anti--NCad (BD biosciences 610921; 1:2000), Ms anti-C × 43 (Millipore MAB3067; 1:1000) and Ms anti-RyR2 (Invitrogen MA3- 916 1:1,000). For confocal microscopy secondary antibodies were applied at 1:1000 dilution. Images were processed using ImageJ. For STORM, samples were labeled with secondary antibodies conjugated to Alexa Fluor 647 (Invitrogen) and CF 568 (Biotium) and imaged as previously described using a Vutara-352 STORM system (Bruker).

Ca^2+^ transients imaging {#Sec19}
-------------------------

Cell were plated in laminin coated coverslips and loaded with the calcium sensitive dye Fluo-3 or Fluo-4 AM for 20--25 minutes at RT. Dye loading was followed by dye desertification for 20--25 minutes. The fluorescent probe was excited with the 488-nm line of an argon laser and emission was collected at 500--600 nm. Fluo-3/4 fluorescence was recorded in the line scan mode of the confocal microscope (0.414 μm per pixel, 2--5 ms per line) using Olympus FV-1000 confocal microscopy. Cells were constantly perfused with Tyrode solution +100 nM isoproterenol to induce spontaneous diastolic calcium release (DCR). The SOCE blocker SKF96365 (10 µM) or GSK7579A (10 µM) was added to the solution to assess its effect in DCR. Myocytes were paced using at 1 Hz using external platinum electrodes. Any spontaneous diastolic Ca^2+^ release (DCR) event (i.e., wave, wavelet) that increased cell-wide fluorescence intensity above 10% of the signal generated by the preceding stimulated Ca^2+^ transient was included in the analysis. The fluorescence emitted was expressed as F/F0, where F is the fluorescence at time t and F~0~ represents the background signal. All experiments were performed at room temperature (26 °C).

Proximity ligation assay (PLA) {#Sec20}
------------------------------

Freshly isolated cardiomyocytes were placed on laminin coated coverslips and fixed with 2% formalin for 2 minutes. Cells were washed with PBS three times followed by a blocking/permeabilization step (3% fetal bovine serum +0.2% triton in PBS) for a total of 45 minutes. After permeabilization was achieved, cells were washed three times with PBS and incubated with 10% BSA with primary antibody overnight in the fridge. The next day cells were washed 5 times with PBS and the PLA reactions were carried out using appropriate Duolink secondary antibodies (Sigma, St. Louis, Missouri).The same antibodies used for immunofluorescence assays where used for PLA. STIM1 antibody was used at a concentration of 1:500 and ORAI1 1:500.Samples that were incubated with only one of the two primary antibodies before PLA procedure lacked signal. (Data not shown)

Data analysis {#Sec21}
-------------

Analysis of SOCE: A threshold for SOCE detection was calculated as an average of mean +3\*standard deviations (SDs) of myocyte fluorescence recorded under the SR Ca^2+^ depleted conditions (before application of 'SOCE solution'). Image pixels exceeding the threshold in response to application of 'SOCE solution' were counted and expressed as a percentage of myocyte area. If percentage of these pixels exceeded 1% of myocyte area, the myocyte was considered to exhibit SOCE response. Properties of the local increase in fluorescence (number, peak, width at half-magnitude, location of the peak relative to the cell edge and lateral end) were analyzed following normalization of corresponding image frame to the averaged background image recorded before application of 'SOCE solution'.

Statistical analysis was completed using Origin and/or Microsoft Excel. Unpaired one tailed student t-test or ANOVA with Fisher test as post hoc test were used to assess statistical significance. For paired data we utilized student t-test. Presence or absence of events such as SOCE or DCR were analyzed using a two tailed Fishers exact test. Outlier data points were excluded by using the outlier calculator in Graph pad with significance level of Alpha 0.05. Only cells that had responses where included in the analysis for dynamics and kinetics of the SOCE signals. Categorical data was analyzed using two tailed Fisher's exact test in Graph Pad. A p \< 0.05 was considered statistically significant.
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